There is a need to compare wind tunnel results with field measurement wind data in order to examine the validity of wind tunnel data in providing realistic estimates of urban wind energy potential and assess the probable errors involved. The paper refers to and discusses two Montreal building cases with different upstream roughness homogeneity. In the first case, field wind speed measurements are used to calculate the wind energy potential for a building with upstream rather homogeneous suburban type of terrain. In the second case, the building upstream terrain is very rough and highly nonhomogeneous. The calculated wind energy potential based on the field measurements was compared with the estimated value based on respective boundary layer wind tunnel data. In the first case, where the upstream terrain is homogeneous, the difference between the estimation of wind energy potential and the calculation using the field measurements is less than 5%. However, in the second case with the nonhomogeneous upstream terrain conditions, the difference between the estimation of the wind energy potential and the calculation using the field measurements is increased by up to 20%.
Introduction
Urban energy generation such as that produced by reduced-scale wind turbines installed on or around buildings can be defined as micro-generation. Recently, there is a growing interest in the use of wind energy in buildings for distributed generation. Since the generated power is a function of the cube of the wind speed, a small increase in the wind speed leads to a large difference in wind energy generation.
The prediction of the wind speed in the built environment is difficult, due to the roughness and the frictional effects, which reduce the wind speed close to the ground. In addition, several adjacent buildings influence the wind regime around a specific building in the urban environment. The most dependable method for the wind assessment in the urban environment is to directly measure the wind speed, ideally at the position and the height of the proposed wind turbine. However, measuring the wind speed at a site is both time consuming and expensive, i.e. normally not appropriate for the early stages of wind energy development. Fortunately, several methods are available for the initial assessment of wind resource in urban areas, with varying degrees of resolution and accuracy. These are, in order of increasing accuracy, wind atlases, numerical methods including CFD, wind tunnel modeling and direct wind resource measurement (European Commission, 2007) .
A wide range of wind atlases is available at the continental and national level. In Canada, the Canadian wind energy atlas -http:// www.windatlas.ca -covers a wide area but its low resolution means ⁎ ⁎ Corresponding author. Journal of Wind Engineering & Industrial Aerodynamics xxx (2016) xxx-xxx geneous and nonhomogeneous case studies prior to concluding in Section 6.
Wind modeling and experimental facilities
For winds near the ground surface, frictional effects play a significant role. Ground obstructions retard the movement of air close to the ground surface, causing a reduction in wind speed. At some height above ground, the movement of air is no longer affected by ground obstruction. This height is called gradient height which is a function of ground roughness. The unobstructed wind speed is called gradient wind speed, and it is considered to be constant above gradient height. The power law, which is used by some engineers to represent the variation of wind speed with height, is an empirical equation, which for the case of mean speeds takes the form of:
where:
Gradient height Power-law exponent Both variables are functions of the ground roughness. Typical values of and are given in Table 1 . Fig. 2 shows typical variations of wind speeds above different ground roughness (Stathopoulos, 2007) . Wind tunnels have been a key element in scientific research in a number of fields. Since the 19th century, experimenting with race cars, airplanes, weather patterns, and various other areas has been made much easier because of this development. Moreover, wind tunnels have a variety of important uses in the world today including the design of buildings (Vasan and Stathopoulos, 2014) . A photo of the atmospheric boundary layer wind tunnel of Concordia University is shown in Fig. 3 . This wind tunnel is 12.2 m in length and 1.8 m in width with a suspended roof that allows the height to be adjusted between 1.4 m and 1.8 m. The wind tunnel can be operated at velocities from 3 m/s to 14 m/s. A turntable, 1.6 m diameter, at the test section allows the model to be rotated to account for different wind directions. Details regarding this wind tunnel, its roughness features used (1) to generate the atmospheric boundary layer profiles and turbulence characteristics can be found in Stathopoulos (1984) ; additional discussion and applications in Mathew et al. (2002) .
Graphical user interface and data acquisition software of the instrument enable the control of the measurement process and display of the data on a computer screen in real time. The software stores these data in text files that can easily be imported into a spreadsheet (Vasan and Stathopoulos, 2014) . A three-dimensional (3-D) traversing-gear system attached to the wind tunnel ceiling above the test section enables accurate positioning of velocity measurement devices at points of interest on the model. During the wind tunnel tests, a Cobra probe is mounted onto the 3-D traversing arm and positioned on the model using a control system whereby Cartesian co-ordinates of the points of interest are entered.
A standard 3-cup anemometer was used for all field wind velocity measurements carried out in this study.
Methodology for wind energy estimation
Consider a case of wind energy estimation above the roof of a building in a city, say Montreal. The wind speed is measured in meteorological stations or at airports usually at 10 m height from the ground level, as established by the World Meteorological Organization (WMO). In this case the wind speed is measured at Montreal's Dorval (Pierre Elliott Trudeau, PET) Airport and denoted by . The target is to estimate the wind velocity over a specific position at the roof of building X denoted by , as shown schematically in Fig. 4 . At Dorval (PET) Airport in Montreal, the 10's degree convention is used to determine the direction of the wind speed in which 9 means 90 degrees true or an east wind, and 36 means 360 degrees true or a wind blowing from the north. A value of zero denotes a calm wind. Fig. 5 shows the yearly wind rose of Montreal, where the wind direction distribution is presented in a percentage form.
In Montreal the prevailing wind direction is variable but coming mainly from south-west (SW). According to the 10's degree convention, the SW fetch is characterized by a number between 18 (South) and 27 (West). In order to obtain the best estimation of wind energy, all wind directions from the south west fetch will be considered, i.e. numbers from 18 to 27, and every two steps from other directions i.e. numbers 1, 3, 5, …, 15 and 18-27, then 29, 31, 33, 35 (Al-Quraan et al., 2014a, 2014b where:
wind speed upstream the site of interest at the same level of the assumed anemometer above the roof. gradient height for urban area. height of the installed anemometer over the building roof.
power-law exponent for urban terrain. By dividing Eqs. (3) and (2), the relation between ( ) and ( ) can be obtained as follows:
The wind speed at a specific position on top of the building roof can be calculated as follows:
where this ratio can be obtained using wind tunnel tests as follows:
and:
wind speed measured in the wind tunnel at a specific position above the roof of building X in the model. wind speed measured in the wind tunnel at the corresponding position upstream of the site of interest.
In order to find these ratios, physical models for building X and the surroundings have to be built and tested in the wind tunnel, as shown schematically in Fig. 4(b) .
Using this methodology, a complete local wind rose at a specific position above the roof can be obtained to be used in the wind energy estimation as follows:
wind energy above the roof of building X produced in T hours This is the theoretically estimated value. However Betz's law provides the maximum energy that can be extracted from the wind. According to this limit, no HAWT can capture more than 16/27 (59.3%) of the kinetic energy in wind. For VAWT, some recent theoretical research (Lecanu et al., 2016) has shown that active lift turbines can deliver power coefficients greater than defined by Betz for classical vertical axis Darrieus type turbines. Practically, wind turbines cannot extract more than 75-80% of the Betz limit. However, this paper discusses the estimation of the wind energy potential rather than the actually extracted energy by the wind turbine(s). Also, in order to study the variation of the data from their average values, the standard deviation ( ) has been used to implement this effect.
This methodology was tested for two building cases with different surroundings and upstream terrains, one homogenous, the other nonhomogeneous in Montreal:
• EV building case (rather homogeneous terrain).
• Equiterre building case (nonhomogeneous terrain).
Testing the methodology using a rather homogeneous terrain
A case study of wind energy estimation using the wind tunnel has been applied to the EV building, which is the engineering complex of Concordia University. The height of the EV building is around 76 m. Fig. 6 shows the location of the EV building and the surrounding areas.
In order to compare the calculated wind energy using the field measurements over the EV building roof and the estimated value using the proposed methodology, a three-cup anemometer was installed in one roof corner at a height of 2 m above the roof. The anemometer was programed to take one measurement every 5 s. The field measurement data were collected from the beginning of August 2013 to the end of October 2013. The obtained data were used to calculate the total wind energy for the corresponding period. Fig. 7(a) and (b) show the monthly average wind speed above the roof of the EV building and the calculated total wind energy respectively using the field measurement data. The corresponding error bars based on the variability of the data are also shown in Fig. 7(a) and (b) .
One year of wind speed data was obtained from Dorval (PET) Airport sensor from the beginning of November 2012 to the end of October 2013 for use in the energy estimation above the roof of the EV building (http://climate.weather.gc.ca/climateData/ hourlydata_e.html?timeframe=1&Prov=QUE&StationID=5415&hlyRange=195 14&Year=2012&Month=11&Day=2). The wind tunnel tests in this case were carried out using the model of the EV building available in the wind tunnel laboratory of Concordia University. Fig. 8 shows the EV building model and the surrounding area. Using Eq. (4) and by considering a power-law exponent ( ) of 0.22 which is applicable in this case, a correction factor was used to estimate the wind speed in the upstream of the roof of the EV building at the same height of the installed anemometer. This correction factor is calculated as follows: where:
Height of the installed anemometer above the roof of the EV building (measured from the ground).
The wind speed upstream the EV building ( ) can then be calculated as:
The ratios of the upstream wind speed to the wind speed above the roof of the EV building from different directions were measured using the wind tunnel tests. These ratios -shown in Table 2 -were included in the estimation of the wind speed at the same position of the anemometer by using Eq. (5) to obtain a complete hourly wind rose for the duration of one year. Then the hourly wind speeds were averaged for each month to be used in energy estimation. Comparisons between the field measurements of wind speed and corresponding wind energy and their estimation are shown in Fig. 9 (a) and (b) respectively. It can be shown that the error in the wind energy, evaluated by [(field -estimated)/field]*100%, is less than 5%, as shown in Table 3 which means that this methodology is sufficiently accurate to be used, at least in the case of homogeneous terrain. Using the estimated wind speed profile for a duration of one year, the wind energy potential was evaluated for the corresponding period using Eq. (7). Fig. 10(a) and (b) show the estimated wind speed and potential wind energy for this building.
Testing the methodology using a nonhomogeneous terrain
In order to generalize the use of this methodology, another case study was applied to Equiterre building, which is the Center for Sustainable Development, a nonprofit organization whose mission is to build and operate a certified green building. This demonstration project aims to share space and resources with other social and environmental organizations and provide citizens, businesses and governments with information on sustainable development in Canada. Equiterre building is 23 m high and it is surrounded by three high-rise buildings, as shown in Fig. 11 . These buildings are:
• Hydro-Quebec building which is 113 m tall.
• Complex Desjardins, which consists of two separate buildings:
1. Building 1 which is 123 m tall. 2. Building 2 which is 100 m tall.
The Equiterre building is around 20 km North-East from Dorval (PET) Airport.
A three-cup anemometer was installed in one corner above the roof of the Equiterre building, identical to the one on the roof of the EV building and with the same settings. The field measurement datamagnitude of the wind speed only -were collected for a 3-month period: November 1, 2012 to January 31, 2013. These field data were used for wind energy calculations. Fig. 12(a) and (b) show the average wind speed and the total wind energy above the roof of the Equiterre building. These data were significantly reduced in comparison to those obtained from the EV building -see Fig. 7 -but this was expected due to the lower height and the sheltering of the Equiterre building.
For the corresponding period of the field measurement data, the wind speed and the wind energy were also estimated using the same methodology. Using Eq. (4) again and by considering the fourth category in Table 1 , which is applicable to this case, a correction factor of , evaluated as in the case of the homogeneous terrain, was used to estimate the wind speed upstream of the building at the same where:
wind speed upstream the building at the same height of the installed anemometer over Equiterre building.
In order to estimate the wind speed above this building, wind tunnel measurements were again carried out to find the ratio between the wind speed upstream to the wind speed above the roof of the Equiterre building. For this purpose a complete model of the Equiterre Building and the surroundings was built to a scale of 1:400 and tested in the wind tunnel, as shown in Fig. 13 . The simulated wind flow in the wind tunnel was used to evaluate the ratios from several wind directions as in the case of the homogeneous terrain. Table 4, similarly with Table  2 , shows the wind directions and their corresponding ratios. It can be shown from Table 4 that there is a significant variation in the ratios of the Equiterre building case. This is due to the inhomogeneity in the surrounded buildings, as previously discussed. If is the wind speed profile for one year estimated above the roof of Equiterre building, then:
As in the previously discussed rather homogeneous terrain case, a complete hourly wind speed profile for one year was obtained. Then the wind speeds were averaged for each month to be used for power and energy estimation. A comparison between the estimated wind speeds and estimated wind energy with the field measurement values are shown in Fig. 14(a) and (b) , as in the previous case.
The obtained results show that the error between the wind energy field measurement and the estimation using the wind tunnel is less than 20%, as shown in Table 5 , which means that this method can be used in the case of nonhomogeneous upstream terrain but for initial stages of potential wind energy estimation only. Using the estimated wind speeds for a duration of one year, the potential wind energy was evaluated for the corresponding period using Eq. (7), as in the previous case. Fig. 15(a) and (b) show the estimated monthly average wind speed and total energy for the Equiterre building case. 
Conclusion and recommendations
This paper compares wind tunnel results with corresponding field measurement wind data in order to examine the validity of wind tunnel in providing realistic estimates of urban wind energy potential and assess the probable errors involved in the process. Two building case studies in Montreal were discussed in this paper. In the case of rather homogeneous terrain, the results show high correlation between the estimation of the wind energy using the wind tunnel approach and the calculation based on field measurements above the roof of a building. In the second case, where the terrain is highly non homogeneous, the discrepancy is higher but may still be acceptable for purposes of initial evaluation.
In general, the accuracy of the wind tunnel approach depends on the complexity of the upstream terrain. The error of estimating potential wind energy varies from 5% to 20%. This approach is very useful to estimate the wind potential before a building is built or before a wind turbine installation takes place, so that a decision can be made on the type of renewable energy power generation to be used.
Further research would be desirable to examine different wind climates and the effect of turbulence intensity, the high values of which in the urban environment is presently a deterrent for the utilization of urban wind energy. Any means to reduce the turbulence intensity by streamlining the oncoming wind flow prior to interacting with the wind energy generator deserve further study and investigation. Journal of Wind Engineering & Industrial Aerodynamics xxx (2016) xxx-xxx and handled the review process for this paper outside the EVISE system, since the Editor is a co-author. Finally, the constructive com ments and suggestions made by the reviewers have been greatly appreciated. 
